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DRG1 is a potential oncogene in lung adenocarcinoma and 
promotes tumor progression via spindle checkpoint signaling 
regulation
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ABSTRACT
Developmentally regulated GTP binding protein 1 (DRG1), a member of the 

DRG family, plays important roles in regulating cell growth. However, the molecular 
basis of DRG1 in cell proliferation regulation and the relationship between DRG1 and 
tumor progression remain poorly understood. Here, we demonstrate that DRG1 is 
elevated in lung adenocarcinomas while weakly expressed in adjacent lung tissues. 
DRG1 knockdown causes growth inhibition of tumor cells by significantly increasing 
the proportion of cells in M phase. Overexpression of DRG1 leads to chromosome 
missegregation which is an important index for tumorigenesis. Interestingly, ectopic 
of DRG1 reduces taxol induced apoptosis of lung adenocarcinoma cells. Mechanistic 
analyses confirm that DRG1 localizes at mitotic spindles in dividing cells and binds to 
spindle checkpoint signaling proteins in vivo. These studies highlight the expanding 
role of DRG1 in tumorigenesis and reveal a mechanism of DRG1 in taxol resistance.

INTRODUCTION

Developmentally regulated GTP-binding protein 
(DRG) is a novel subfamily within the superfamily of 
GTP-binding protein, which displays little similarity with 
the well-characterized G-proteins except harboring the five 
characteristic motifs, G1–G5, that are believed to interact 
with GTP [1]. There are at least two distinct members, 
DRG1 and DRG2, from yeast to plant to human [2]. The 
two genes share 62% sequence identity at the nucleotide 
level and 58% identity at the protein level. The similar 
mRNA expression pattern in different tissues suggests 
that these two DRGs may have similar functions [2, 3]. 
Moreover, DRG1 and DRG2 can be regulated differently 
despite their structural similarities. DFRP1 specifically 
stabilizes DRG1 and Drg1/Dfrp1 complex could modulate 
protein synthesis mechanism in mammalian cells, whereas 
DFRP2 preferentially binds to DRG2 [4, 5]. 

Several studies have reported the correlation 
between DRG1 expression and proliferation.  DRG1 
is upregulated during the embryonic development of 
murine and downregulated after birth [6]. DRG1 shows 

increasing expression with feeding in Atlantic salmon and 
highest expression during the proliferative phase of the 
culture in vitro [7]. In plants, DRG1 is highly expressed 
in actively growing tissues and reproductive organs 
[3]. The expression patterns suggest that DRG1 plays 
important roles in proliferating cells. Since abnormal 
cellular proliferation is a characteristic of cancer cells, 
ectopic expression of DRG1 may contribute to the 
dysregulation of this normal control mechanism and 
induce tumorigenesis. In addition, ectopic expression 
of mouse DRG1 together with c-myc and ras stimulates 
cell transformation in fibroblast [8]. Studies also suggest 
that DRG1 is associated with SCL/TAL1 in vivo and 
in vitro, which is an oncogenic transcription factor for 
hematopoietic development [8, 9]. DRG1 from Candida 
albicans can contribute to the control of invasive 
filamentation and DRG1 deletion delays the invasive 
disease in the host [10]. Among all tumors, DRG1 has 
been proposed as a oncogene in melanoma, a marker for 
CPT-11 resistance in human head and neck xenograft 
tumors, and related gene in the recurrence probability of 
colon cancer[11–13]. However, little is known about the 
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molecular mechanism underling growth regulation and it 
is unknown whether DRG1 plays a role in lung cancer, 
which is the leading cause of death from cancer [14].

In the present study, we identified DRG1 as a new 
oncogene in lung adenocarcinoma. We showed that loss 
of DRG1 induced mitosis arrest and growth inhibition in 
tumor cells. However, high DRG1 expression triggered 
abnormal chromosome segregation and decreased 
sensitivity to taxol-induced apoptosis. Specially, we 
reported that DRG1 acted as a novel mitotic spindle 
protein and binded to other spindle checkpoint signaling 
proteins which were the molecular basis for DRG1 
inducing tumorigenesis and taxol resistance.

RESULTS

DRG1 is elevated in lung adenocarcinoma

To identify the expression pattern of DRG1 in 
tumors, we first performed a screen in oncomine database. 
The expression spectrum of DRG1 in various tissues 
suggested a lowest expression of DGR1 mRNA in normal 
lung tissues (Figure 1A), which was consistent with the 
previous report that DRG1 mRNA expressed weakly in 
both human and mouse lung tissues [2, 15]. Then, we 
confirm that DRG1 mRNA was significantly up-regulated 
in lung adenocarcinoma compared with adjacent tissues 
according to the microarray data in oncomine, including 
human genome U133A array data, U133 Plus 2.0 array 
data and U95A-Av2 array data (Figure 1B, 1C, 1D).

We then investigated whether there was evidence 
linking DRG1 protein to lung adenocarcinoma. DRG1 
mRNA expression exhibited significant upregulation 
in randomly selected 5 out of 6 lung adenocarcinoma 
tissues (Figure 1E). Consistent with the results of DRG1 
mRNA expression, DRG1 protein level was also highly 
up-regulated in adenocarcinoma tumor tissues compared 
with the adjacent tissues in 5 out of 6 patients (Figure 1F). 
Notably, expression levels of DRG1 were substantially 
increased in lung adenocarcinoma.

Inhibition of DRG1 elicits a tumor suppressor 
effect by regulating cell cycle in lung cancer cells

To further understand the molecular functions 
of DRG1 in lung tumorigenesis, we performed small 
interfering RNA (siRNA)-mediated knockdown in A549 to 
test the efficiency of DRG1 specific siRNA. Two siRNAs 
were chosen for the following experiments (Figure 2A). 
Using the two DRG1 specific siRNA, we confirmed that 
DRG1 knockdown significantly reduced the growth rates 
and suppressed cell proliferation of A549 and H1299 
(Figure 2B and 2C).

As it has been found that deregulation of cell 
cycle led to growth inhibition, we examined the effects 

of siRNA-mediated DRG1 loss on cell cycle. In A549, 
flow cytometry demonstrated that about 18% control cells 
were arrested with 4N DNA content 12h after release 
from the thymidine block, whereas about 35% DRG1 
depleted cells had 4N DNA. The same result was shown 
in H1299 (Figure 2D). However, there was no significant 
difference in the proportion of apoptosis cells in the DRG1 
knocking down A549 and H1299 cell lines (Figure 2E). 
This indicated that the predominant impact of DRG1 was 
to regulate cell cycle rather than cell apoptosis. In a word, 
DGR1 silencing inhibited mitotic progression but was not 
enough to cause cell death. M phase arrest might be one 
key mechanism by which DRG1 knockdown decreased 
lung tumor cell growth.

Identification of DRG1 as a mitosis associated 
protein

All these previous results led us to explore the role 
of DRG1 in cell cycle regulation. To address this issue, 
we performed DAVID Gene Functional Classification on 
genes positively correlated (Pearson correlation > 0.6) 
with DRG1, and the co-expression data were based on 
primary tumor data using RNA-Seq [16]. Among all 
DRG1 positively correlated genes, most of them were 
involved in mitotic regulation. The proteins mainly 
participated in kinetochore complex and spindle assembly 
checkpoint (SAC) formation, such as CENPW, CENPN, 
CENPR, SPC25, OIP5, Bod1 and Mad2 (Table 1). 
Kinetochore complex regulates microtubule dynamics and 
is also required to generate spindle checkpoint signals in 
human cells. So the correlated genes of DRG1 in tumors 
suggested that it played a role in spindle checkpoint 
signals.

Given most of the cell cycle regulation proteins 
localized specially. DRG1 was observed throughout the 
nucleus and frequently observed in the perinucleolar 
boundary in non-dividing A549 and H1299 cells 
(Figure 3A), which indicated that DRG1 associated 
with the perinucleolar heterochromatin rings. However, 
DRG1 mainly localized at mitotic spindles during mitosis 
and colocalized with α-tubulin in HeLa, which was a 
cell line highly frequency used in cell cycle regulation 
analysis, A549 and H1299 (Figure 3B, 3C, 3D). Using 
primary antibody immunoprecipitation we confirmed the 
interaction of DRG1 with its co-expressing proteins in 
tumor cell lines. Endogenous Mad2 and BubR1, two SAC 
proteins, were co-immunoprecipitated with Flag-DRG1 in 
A549, H1299 and HeLa cells (Figure 4A). Additionally, 
Flag-DRG1 could also bind to the endogenous CENPN, 
which was a kinetochore protein. In a word, DRG1 was 
a novel spindle protein, and it functioned together with 
the proteins involved in spindle checkpoint signaling. 
All these data supported our hypothesis that DRG1 was 
involved in the organization and regulation of mitotic 
spindle checkpoint.
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Figure 1: DRG1 is up-regulated in human lung adenocarcinoma. (A) Box plot of DRG1 expression in twenty six kinds of tissues 
from oncomine. (B) Boxplots of DRG1 expression levels in lung adenocarcinoma and normal tissue samples using U133A microarray from 
oncomine. (C) Boxplots of DRG1 expression levels in lung adenocarcinoma and normal tissue samples using U133A 2.0 microarray from 
oncomine. (D) Boxplots of DRG1 expression levels in lung adenocarcinoma and normal tissue samples using U95A-Av2 microarray from 
oncomine. (E) The mRNA expression of DRG1 was performed by qRT-PCR in a subset of lung tumor tissues and matched adjacent normal 
control (T: tumor tissues; N: adjacent noncancerous tissues). Data were analyzed using Student’s t-test. Data are shown as mean ± SEM of 
three independent experiments. *p < 0.05. (F) The protein expression of DRG1 was tested by western blot in a subset of lung tumor tissues 
and matched adjacent normal control (T: tumor tissues; N: adjacent noncancerous tissues).
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Figure 2: Effect of DRG1 knockdown on cell proliferation and cell cycle. (A) DRG1 siRNA knockdown efficiency in A549 was 
measured by qRT-PCR and western blot. (B) H1299 and A549 cell lines were transfected with negative control siRNA or DRG1 specific 
siRNA. The cell numbers were determined using trypan blue cell counting after 72 hours. Data were analyzed using one-way ANOVA 
followed by Dunnett’s post hoc test. Data are shown as mean ± SEM of three independent experiments. (C) A549 and H1299 cell lines were 
co-transfected with negative control siRNA or DRG1 specific siRNA. Cell proliferation was measured by MTS assay at the indicated time. 
Data were analyzed using two-way ANOVA. Data are shown as mean ± SEM of three independent experiments. (D) A549 and H1299 cells 
depleting DRG1 were synchronized at S phase by double-thymidine block. At the indicated hours after release from the block, cells lysates 
were collected and analyzed for DNA content by flow cytometry. *p < 0.05. (E) A549 and H1299 cells were transfected with control siRNA 
or DRG1 specific siRNA. Cells were stained with Annexin V and propidium iodide (PI) for analysis by flow cytometry.
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Table 1: The list of mitotic proteins co-expression with DRG1
Protein Description Other Aliases
BOD1 biorientation of chromosomes in cell division 1 FAM44B
CENPW centromere protein W CUG2
CENPN centromere protein N CENP-N
CCNB2 cyclin B2 HsT17299
CDKN3 cyclin-dependent kinase inhibitor 3 KAP
CKS1B CDC28 protein kinase regulatory subunit 1B CKS1
CKS2 CDC28 protein kinase regulatory subunit 2 CKSHS2
ERH enhancer of rudimentary homolog (Drosophila) DROER
GMNN geminin, DNA replication inhibitor Gem
HAUS1 HAUS augmin-like complex, subunit 1 CCDC5
ITGB3BP integrin beta 3 binding protein (beta3-endonexin) CENPR
MAD2L1 MAD2 mitotic arrest deficient-like 1 (yeast) MAD2
MAD2L2 MAD2 mitotic arrest deficient-like 2 (yeast) MAD2B

MITD1 microtubule interacting and trafficking domain 
containing 1 _

NUP37 nucleoporin 37 kDa p37
RAN RAN, member RAS oncogene family Gsp1
SPC25 SPC25, NDC80 kinetochore complex component, homolog (S. cerevisiae) SPBC25
OIP5 Opa interacting protein 5 MIS18B

The DRG1 positively correlated genes in primary tumors from TCGA were analyzed by gene functional classification from 
DAVID. Cell cycle related genes were listed in the table.

Figure 3: DRG1 is a spindle-associated protein. (A) Non-dividing cells of H1299 and A549 were stained with 4, 6-diamidino-2-
phenylindole (DAPI; for DNA; blue), anti-α-tubulin (microtubules; red) and anti-DRG1 (green). (B–D) The mitotic cells of HeLa, A549 
and H1299 were separately stained with DAPI, anti-α-tubulin and anti-DRG1.
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We next determined the expression level of DRG1 
in G1, S, G2, and M phase. Thymidine-nocodazole 
arrested cells were mitotic cells. For G1 phase cells, M 
phase arrested cells were shaken off and released into 
fresh medium for 4 hours. For S phase and G2 phase 
cells, A549, H1299 and HeLa cells were synchronized by 
a double-thymidine protocol, and collected after releasing 

arrested cells into fresh medium for 4 and 8 hours. 
Western blot analysis and qPCR showed that the protein 
level and mRNA level of DRG1 was similar across the 
cell cycle (Figure 4B), which was different from the other 
proteins dynamic changing during the whole cell cycle. 
So DRG1 might have other functions besides cell cycle 
regulation.

Figure 4: DRG1 interacts with mitotic proteins in vivo. (A) Co-immunoprecipitation of Flag-DRG1 and endogenous mitotic 
protein is shown. A549, H1299, and HeLa cell were transfected with vector or Flag-DRG1. After 48 h, cell lysates were prepared and 
subjected to immunoprecipitation with Flag antibody and analyzed by immunoblotting using Flag or candidate protein antibodies. (B) Cells 
were synchronized at the indicated phase of cell-cycle, cells lysates were collected and analyzed by immunoblotting and Real-time RT-PCR 
for the proteins and mRNA level detection.
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Overexpression of DRG1 induces abnormal 
chromosomal segregation

To confirm our findings that DRG1 functioned 
together with SAC and kinetochores proteins, we 
investigated the effect of DRG1 on spindle checkpoint 
signaling. Using the HeLa cell line stably co-expressed 
a histone H2B-GFP, we tested whether overexpression of 
DRG1 could override taxol-induced mitotic arrest. Cells 
transfected with Flag-DRG1 were first synchronized by 
double-thymidine block, and then cultured with medium 
containing Taxol. When the cells began to go into M 
phase, observed the cells by time-lapse. The percentage of 
cells with multilobed nuclei was much higher in DRG1-
expressing cells than in vector-expressing cells after 24 
hours treatment (Figure 5A). Moreover, the number of 
cells with lagging chromosomes increased in DRG1-
expressing cells (Figure 5B). These results indicated 
that overexpression of DRG1 led to the unstability of 
microtubule and dysregulated the spindle checkpoint 
signaling, which could cause chromosome instability and 
promote tumorigenesis in certain contexts. Obviously, 
DRG1 participated in the regulation of mitosis, and this 
was one of the mechanisms that overexpression of DRG1 
triggered lung adenocarcinoma.

Overexpression of DRG1 decreases sensitivity to 
chemotherapy-induced apoptosis

Overexpression of DRG2, another family member 
of DRGs, decreases sensitivity to nocodazole-induced 
apoptosis in Jurkat cells [17]. To fully characterize the 
oncogenic effects of DRG1 overexpression, we evaluated 
whether DRG1 influence the chemotherapy response 
induced by taxol. We extended the time-lapse hours for 
observing the DRG1-expressing cells treated with taxol. 
Many of cells-expressing control were apoptotic after 36 
hours, but more cells-expressing DGR1 were also alive 
in a multilobed nuclei manner (Figure 6A). So DRG1 
contributed to the resistance of taxol induced apoptosis.

We checked the endogenous protein level of DRG1 
during chemotherapy-induced apoptosis. Upon the taxol 
treatment, the active fragment of caspase 3 and cleavage of 
PARP, two apoptosis markers, were induced in A549 and 
H1299. However, DRG1 protein was significantly decreased 
after taxol treatment (Figure 6B). Otherwise, DRG1 
overexpression significantly suppressed taxol induced cell 
death compared with control (Figure 6C) and reduced the 
protein levels of the cleaved caspase 3 and PARP at the 
same time (Figure 6D). Overall, level of DRG1 expression 
could help to predict the sensitivity of cancer cells to taxol. 

Figure 5: Overexpression of DRG1 leads to chromosome missegregation. (A) HeLa/GFP-H2B cells overexpressed with 
DRG1 were synchronized by double-thymidine block and treated with taxol (100 ng/ml). The mitotic index and multilobed nucleus index 
were determined. Data were analyzed using Student’s t-test. Data are represented as mean ± SEM of three independent experiments. 
Representative images and DRG1 expression level are shown on the right. (B) HeLa/GFP-H2B cells expressing DRG1 were detected 
normal and lagging chromosomes. Data were analyzed using Student’s t-test. Data are represented as mean ± SEM of three independent 
experiments. Representative images and DRG1 expression level in HeLa cells are shown on the right. *p < 0.05.
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Figure 6: Ectopic of DRG1 decreases the apoptosis induced by taxol. (A) HeLa/GFP-H2B cells overexpressed with DRG1 
were synchronized by double-thymidine block and treated with taxol (100 ng/ml). After 36 h, the apoptosis index and multilobed nucleus 
index were determined. Data were analyzed using Student’s t-test. Data are represented as mean ± SEM of three independent experiments. 
Representative images are shown on the right. (B) A549 and H1299 cells were treated with taxol (100 ng/ml) for indicated times and the 
indicated proteins were detected by western blot. (C) A549 and H1299 cells were transfected with vector or Flag-DRG1, and then cells 
were treated with taxol (100 ng/ml). Cells were stained with Annexin V and propidium iodide (PI) for analysis by flow cytometry after 36 h 
treatment. (D) A549 and H1299 cells transfected with or without Flag-DRG1 were either untreated or treated with taxol (100 ng/ml) for 
36 h, and then the indicated proteins were examined by western blot. *p < 0.05.
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DISCUSSION

Adenocarcinoma is the most common form of 
lung cancer, which is the leading cause of cancer death 
[14, 18]. Here, we identified that DRG1 was involved in 
spindle checkpoint signaling, and provided new avenue 
for tumorigensis and potential important predictive 
marker of taxol resistance. As a homologous, DRG2 was 
also reported as a chemotherapeutic drugs resistance 
marker in hepatocellular carcinoma cells [19]. However, 
downregulation of DRG2 could prevent the apoptosis of 
lung cancer cells. Absolutely, the functional differences 
between DRG1 and DRG2 have been independently 
argued since the two proteins were first recognized.

DRG1 was demonstrated to localize in nuclear and 
especially on mitotic spindles through mitosis. Previous 
study showed different localization pattern of DRG1. 
DRG1 protein was detected in the perinuclear and mainly 
in cytoplasm in murine and human at earlier [15, 20, 21]. 
Several reports pointed that the interacting protein of DRG1 
were localized in the nuclear, such as UBC9, SCL/TAL1 
[9, 22]. As a DRG1-associated protein, p48ZnF localized 
at nuclear in the proliferating cells and at cytoplasmic in 
the differentiated neuron [23]. DRG1 cellular location may 
also depend on the cell’s differentiation status like p48ZnF.

To our knowledge, this is the first report to reveal 
the potential interaction of DRG1 with cell cycle proteins. 
Kinetochore protein (CENPN) and spindle assembly 
checkpoint proteins (Mad2 and BubR1) were confirmed 
as the interaction protein of DRG1 in vivo. CENPN is 
required to recruit the Mad2 SAC protein to prometaphase 
kinetochores [24]. MAD2 is a key component of the mitotic 
spindle checkpoint pathway, and MAD2 overexpression is 
observed in several cancers [25]. MAD2 overexpression in 
transgenic mice notably results in chromosomal instability 
and initiates carcinogenesis in a wide variety of tumors 
[26]. We believed that DRG1 function together with these 
proteins and play important roles in spindle checkpoint 
signaling, because DRG1 overexpression resulted in 
chromosomal instability like Mad2 and showed taxol 
resistance. Of course, further experimentations will be 
needed to support the conclusion and other high-correlation 
proteins are worth to be further studied.

DRG1 participated in the regulation of chromosome 
segregation, but we do not know the deeper mechanism 
that how DRG1 function. SUMOylation is a protein 
conjugation process which leads to covalent modification 
of many proteins involved in chromosome segregation 
[27]. DRG1 is the SUMOylation substrate of UBC9 
[22]. Otherwise, mimicking phosphorylation of Thr100 
decreases DRG1 activity [28]. DRG1 is subjected to a 
tight regulation, and it will be interesting to investigate 
whether SUMOylation, phosphorylation and DRG1 
GTPase activity is critical for its mitosis regulation. 

In conclusion, we uncovered the upregulated 
expression of DRG1 in lung adenocarcinoma. This was 

the first time to show that DRG1 was an important protein 
involved in spindle checkpoint signaling, and elevated 
levels of DRG1 caused lung adenocarcinoma and taxol 
resistance. It will be worth to further investigate the 
relationship between the imbalance of DRG1 in mitotic 
progression and tumorigenesis.

MATERIALS AND METHODS

Cell culture and transfection

A549 cells, H1299cells, HeLa cells, and HeLa/
GFP-H2B cells were cultured in RPMI1640 supplemented 
with 10% fetal bovine serum (FBS) and 1% antibiotic-
antimycotic. All cell lines were cultured at 37°C in a 5% 
CO2 cell culture incubator. Cells were transfected with 
Lipofectamine 2000 following the manufacturer’s protocol 
(Invitrogen).

Antibody and reagents

Nocodazole, thymidine, taxol and antibody 
DRG1, CENPN, and Flag were purchased from Sigma-
Aldrich. Anti-GAPDH and secondary antibodies were 
purchased from Santa Cruz Biotechnology. Antibody 
against α-tubulin, cyclinB, P-H3, Mad2, and BubR1 
were purchased from Abcam. Antibody against cleaved-
caspase3 and cleaved-PARP were purchased from Cell 
Signaling Technology.

Tissue samples and Real-time RT-PCR

Lung adenocarcinoma and matched adjacent 
normal lung tissue samples used in this analysis were 
obtained during surgical removal of tumors from patients 
histopathologically diagnosed with lung adenocarcinoma 
in QiLu Hospital of Shandong University. The protocol 
was approved by the Hospital’s Protection of Human 
Subjects Committee and written informed consent was 
obtained from all patients before sample collection. All 
samples were immediately snap-frozen in liquid nitrogen 
and stored at −80°C for analysis.

Total RNA was isolated from the cells or tissues using 
TRIzol (Invitrogen) and reversed-transcribed using 1 μg of 
total RNA with an oligo-dT primer. The following primers 
were used for real-time PCR: human GAPDH forward, 
5′-GGGAAGGTGAAGGTCGGAGT-3′; GAPDH reverse, 
5′-TTGAGGTCAATGAAGGGGTCA-3′; human DRG1 
forward, 5′-TGGAGGTCCAGGAGAAGGTTT-3′; and 
DRG1 reverse, 5′-GCCACTGCAATGACTTGACG-3′.

RNA interference

The DRG1 siRNA-no.1 (5′-GACCAUACGUU 
GGAGGAUGTT-3′), siRNA-no.2 (5′-GGUAGAGGUC 
GUCAAGUCATT-3′), siRNA-no.3 (5′-GGCCAGUU 
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ACCAGAUUACATT-3′) and non-targeting siRNAs 
(5′-UUCUCCGAACGUGUCACGU-3′) were synthesized 
by Shanghai GenePharm. All siRNAs were transfected 
into the cells according to the manufacturer’s protocol.

Immunoprecipitation and immunoblotting

Total cell lysate were prepared in HEPES lysis 
buffer (20 mM HEPES pH 7.2, 50 mM NaCl, 0.5% 
Triton, X-100, 1 mM NaF, 1 mM dithiothreitol) and boiled 
with SDS/PAGE loading buffer. Proteins were separated 
by SDS-PAGE, transferred onto NC membrane and 
examined by immunoblotting with the indicated primary 
antibodies and appropriate secondary antibody, followed 
by detection with Super Signal chemiluminescence kit 
(Pierce). For immunoprecipitation, cells were lysed in 
HEPES lysis buffer supplemented with protease inhibitor 
cocktail (Roche). Immunoprecipitation was performed 
using indicated antibody for 4 hour at 4°C followed by 
incubation with protein A/G-agarose beads (Santa Cruz) 
overnight at 4°C. Beads were then washed three times in 
HEPES lysis buffer and examined by immunoblotting.

Cell proliferation assay

3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy- 
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays 
were performed to determine relative cell proliferation. 
Cells were plated in a 96-well plate and transfected with 
negative control siRNA or DRG1 siRNA. At 0 h, 24 h, 
48 h, and 72 h after transfection, the cells were incubated 
in Cell Proliferation Reagent (Promega) according to 
manufacturer’s instructions.

Apoptosis assay

Cells were seeded in the 6-well plate, and cells were 
trypsinized and rinsed in PBS after treatment. Then, 5 ul of 
Annexin V-FITC (BD Biosciences, San Diego, CA, USA) 
and 5 ul of propidium iodide (PI) solution were added. 
Cells were incubated at room temperature for 15 min in 
dark. After incubation, a 400 ul 1 × binding buffer was put 
to each tube, and apoptotic fractions were detected using 
the flow cytometry.

Immunofluorescence staining and time–lapse 
imaging 

For subcellular localization analyses, cells were grown 
on glass chamber and fixed with 4% paraformaldehyde, 
permeabilized in 0.2% Triton X-100/PBS and blocked 
with 5% BSA. Proteins were stained using the indicated 
antibodies and detected with a TRITC-conjugated or FITC-
conjugated secondary antibody. The nuclei were stained 
with DAPI (Sigma), and images were visualized with a 
Zeiss LSM 510 Meta inverted confocal microscope.

For time-lapse imaging, HeLa cell line stably co-
expressing a histone H2B-GFP was used to visualize 
chromosomes. Cells were seeded in an eight-chambered 
cover glass (Lab-Tek Chambered no 1.0 Borosilicate Cover 
Glass System, Nunc). The temperature of the imaging 
medium was kept at 37°C. After treatment images were 
collected every 5 min using a 40 (or 20) lens objective on 
inverted fluorescence microscope (Nikon Eclipse Ti-E) with 
an Ultra View spinning-disc confocal scanner unit (Perkin 
Elmer). Image sequences were viewed using Volocity 
software, and cell behavior was analyzed manually.

Cell cycle analysis by flow cytometry 

The Cell synchronization was performed as 
previously described [29]. A549 and H1299 cells were 
collected and then fixed with 70% ice-cold ethanol 
after treatment, washed with PBS, re-suspended in 1 
ml of propidium iodide (PI) staining solution (0.1% 
Triton X-100, 10 μg/mL PI, and 100 μg/mL DNase-
free RNase A in PBS), and then incubated for 30 min at 
room temperature in the dark. Samples were transferred 
to the flow cytometer and the cell cycle distribution was 
analyzed using flow cytometry.

Published RNA sequencing data collections 

Oncomine database [30] were screened for mRNA 
expression of DRG1, four published microarray data sets 
of primary lung AD tissues were utilized. These included 
Hou et al., with 45 LUADs and 65 lungs [31], Landi et al., 
with58 LUADs and 49 lungs [32], Stearman et al., with 
20 LUADs and 19 lungs [33], and Okayama et al., with 
226 LUAD and 20 lungs [34]. DRG1 co-expression genes 
were collected in TCGA cohorts [16]. 
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